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A Network Perspective of Nanotechnology Innovation: A Comparison of Quebec, Canada 
and the United States
Afshin Moazami
Given the novelty of nanotechnology science, its invaluable applications in almost all 
technological fields and its anticipated future effect on different aspects of economy 
and life, there is a need to study how the nanotechnology knowledge is produced. The 
main aim of this thesis is to compare the extent, the structure and the characteristics of 
knowledge transmission through innovation networks of collaborating nanotechnology 
researchers in Quebec, Canada and the United States, with a special focus on the 
interaction between academic and industrial researchers. We extracted the data from 
online databases of patents and articles, constructed the networks and applied the 
methods of social network analysis to compare collaborative patterns. The results have 
shed some light on various aspects of the knowledge networks. It was shown that the 
American nanotechnology network is more centralized; the researchers have more 
collaborators working in bigger research teams and engage themselves more frequently 
in university-industry partnerships. The Canadian network, on the other hand, relies 
more on purely academic research and is better interconnected internationally. 
Quebec’s collaboration pattern is characterized by partnerships which are abundant but 
they take place within an increasingly more closed circle of Quebec academia. 
Furthermore, in all the regions it was found that academicians collaborating strictly 
within academia (and industrial researchers collaborating within industry) occupy more 
clustered network positions, whereas the researchers who collaborate across the 
university-industry boundary are more central, and thus critical for the effective 
knowledge transfer through the network. Based on our findings, several policy 
implications were derived for both Quebec and Canada.
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11. INTRODUCTION
Nanoscale phenomena which had emerged over the recent years, are predicted to have 
an influential role in almost every aspect of the economy [1]. Nanoscale phenomena 
have two aspects; nanoscience which is referred to the underlying comprehension of 
atomic or molecular scale structure and operations, and nanotechnology, the process of 
manipulation and control of these phenomena to reach a concrete goal - building atom 
by atom [2] [3]. Although these two terms have different definition, there is no sharp 
distinction between them and both of them are often called key technology and science 
for the 21 century [1]. In literature, the term “nanotechnology” is used to avoid 
confusion and to be more appropriate [4]. 
There is a great amount of literature discussing the growth of this field [5] [6] [7] [8]. For 
example, it is mentioned that nanotechnology could generate major changes in the 
future as a “general-purpose technology1” [5]. Also, it is claimed that nanotechnology 
could bring high competitive advantage to most of the companies [6]. Furthermore, 
Shapira et al. [7] observed a shift from research to commercialization, which means that 
nanotechnology has found applications in industry. This is also confirmed by Freeman 
and Shulka [8] who report an increase in the amount of jobs in nanotechnology area. 
The areas of applications of nanotechnology are very broad; they may range from 
medicine to biotechnology, aerospace, information technology and telecommunications
[9]. As an example of wide application of nano-products we can mention 
“nanoparticles”. In one hand, nanoparticles are used in scratch-resistant and light-
resistant coating of windows and carbodies. On the other hand, light-sensitive 
nanoparticles are embedded in solar cells [10]. Moreover, Roco and Barinbridge [11]
discuss the effects of nanotechnology in different areas from energy to ethics and public 
policy. For example, they argue that nanotechnology can decrease the input cost in 
                                                     
1 This term is introduced by Bresnahan and Trajtenberg [114] to explain that such technologies would be a 
driver of modern economic dynamism. 
2some industries, and consequently increase the productivity. Also, it can increase the 
quality of human life by improving the renewable energy systems [11].
All these examples showing the future effect of nanotechnology on different aspects of 
economy and life suggest that nations need to start implementing the required 
infrastructure for adoption of the future changes in all related fields [12]. As a 
consequence, many countries such as United States, United Kingdom, France, Germany
and Canada fuelled considerable resources and attention into the exploration of 
nanotechnology [2] [13]. In Canada, considerable amounts of funds have been 
dedicated to the nanotechnology through federal or provincial funding institutes [14].
However, this is not sufficient and Canadian nanotechnology research still struggles to 
find necessary funding [15]. Moreover, a comprehensive nanotechnology economic 
development strategy is lacking in Canada. As a result, Canada scores only as 13th in the 
creation of nanotechnology articles in the world [16]. The United States, on the other 
hand, have been very successful in terms of the nanotechnology innovation creation, 
which is the main reason why we suggest that Canada should look for inspiration in the 
US nanotechnology innovation system. 
Given the importance of the nanotechnology innovation for the future development of 
Canada and so far not very developed Canadian nanotechnology innovation system, 
there is a need to study how the nanotechnology innovation is in fact created. We 
propose that the comparative analysis among the Canadian and the US systems in terms 
of the study of the knowledge flows among various knowledge producers at universities, 
research institutes and companies can help us to shed some light on the relation 
between the national innovation systems and knowledge diffusion within the systems. 
The main aim of this thesis is to compare the extent, the structure and the rate of 
knowledge transmission among nanotechnology researchers in Quebec, Canada and 
United States. We have included also Quebec in this analysis, because we, as Quebec 
residents, have a special interest in the local production of nanotechnology knowledge 
and innovation and would like to see whether it differs from the rest of Canada. To 
3achieve our goal we have built the network of scientists and inventors and searched for 
the relations between the network architecture, the network position of the individuals 
and knowledge diffusion in the mentioned countries.
The remainder of the thesis is organized as follows. The following chapter presents a 
brief literature review in the field of national innovation systems and complex networks. 
In Chapter 3, the research objectives and our hypotheses are presented in details. 
Chapter 4 describes the data and methodology used for the analysis. We will see the 
methodology steps from nanotechnology keywords to nanotechnology innovation 
networks. Chapter 5 reports the results of our analysis in four sections; (1) network 
fundamentals, (2) regional characteristics of the networks, (3) academic and non-
academic collaborations, and (4) regional comparison of academic and non-academic 
collaborations. Chapter 6 concludes, and Chapter 7 suggests some avenues for future 
research.  
42. LITERATURE	REVIEW
Literature review starts with the introduction of the concept of national innovation 
system. After a comparison of the Canadian and the US national innovation system, we 
will discuss the state of the art of nanotechnology based on the scientific publications. 
In the second part, after introducing the concept of complex networks analysis, we will 
overview the research that deals with the co-authorship networks.
2.1 National	Innovation System
2.1.1 Introduction
The term “National Innovation System”, defined as a conceptual framework in the 
science, technology and innovation studies, has been introduced in the late 1980s [17].
In the very first definitions of this term, the framework involved as a network of 
institutions that generate new technologies [18]. Later, some restrictions were added in 
order to narrow down its meaning and to make it more specific [19] [20] [21]. For 
example, Lundvall [22] suggested that these institutions should be either located within 
or rooted inside the borders of a nation state. Or, Patel and Pavitt [20] determined that 
the rate and direction of technological learning as a part of national innovation system 
definition.
According to Organization for Economic Cooperation and Development (OECD) [23], 
there are three factors that increase the importance on national innovation system in 
the technology field; economic importance of knowledge; increase in applying system 
approaches; and increase in the number of knowledge generation institutions [23].
National innovation systems may differ from one country to another from many 
aspects. Size of the country and its level of development, natural resources, 
governmental intervention and national financial system can make these differences. 
For example, in some countries, as for example in the US, the defense is a important 
part for the government and for the economy, while in non-defense oriented countries 
5like Canada, telecommunication, equipment and energy have more priority. Also, rules 
and regulations can make differences. For instance, in European countries, an inventor 
cannot publish research revealing the methods behind innovations before their 
patenting, while it is allowed in the US [24].
The institutions that generate knowledge are categorized in three main sectors; 
universities, government labs and public or private industrial corporations. University 
units focus on fundamental research, while governmental labs and industrial sectors are 
mostly involved in applied research. Hence, universities mostly generate publications 
and patents, and they also train skilled personnel. The output of the government labs 
are prototypes, pilot plans and algorithms in addition to publications and patents.  
Finally, industrial sectors provide new products and processes or improve the existing 
parts [25]. 
2.1.2 The	National	Innovation	System in	Canada
Knowledge generation in Canada is performed by many institutions such as universities, 
companies, non-profit organizations and government laboratories. Learning processes 
and interactions among these institutes, which form the innovation system, can be 
either inter-industry or intra-industry [25]. 
According to the definition of national innovation system, the domestic interactions and 
processes are more important than international ones. However, in small countries like 
Canada, Sweden or Switzerland, the international linkages play much more important
role compared to the larger countries like the US and Japan [26]. For example in case of 
Canada, integrating and applying the policies of the US and Western Europe has a 
significant role in structure of national innovation system [25]. Canada obtains more 
than 50 percent of its acquired technology from abroad [23].
Mcfetridge [27] studied the impact of the US on Canadian economy. He mentioned that 
even though a only small portion of the Canadian labor market is received from the US, 
the huge amount of imports and exports in Canada allows the US to influence Canadian 
6companies and market. Also, agreements like NAFTA (The North America Free Trade 
Agreement) and FTA (Free Trade Agreement) between the US and Canada help to 
increase the collaboration between the Canadian and American companies. 
RR&D in Canada is performed mostly by large Multi National Companies (MNCs) rather 
than small firms. The international partners of these companies, collaborating with 
them on innovative activities are most commonly found in the US, and then in some 
Western European countries, in Japan and in Australia [27]. 
There are two types of major categories in Canada’s national innovation system: 
traditional and emerging innovation systems. The traditional innovation system usually 
involves domestic products and processes such as metallurgy, agriculture, energy and 
forestry, while the emerging innovation system includes aerospace, IT and 
telecommunications. There is a basic difference between these two categories. 
Traditional study fields and innovation system are highly dependent on natural 
resources, while the modern one mostly depends on human resources [25]. 
There are two important characteristics mentioned in the literature that differentiate  
Canada from other countries from the economy perspectives: first, strong government 
intervention in private national innovative activities [25]; and second, the integration 
with the much bigger US economy [27]. 
As mentioned before, there are three basic types of institutions that are involved in 
Canadian research and innovative activities: universities, public labs and firms 
performing industrial R&D. These three have different objectives; for example, 
commercial profit of cooperative research is the industrial firms’ priority, while 
economic growth is the goal of government labs. However, to reach these goals, all of 
them need interaction, cooperation and technology transfer. Government encourages
technological transfer because of higher chance of knowledge diffusion and technology 
production. The reason that research institutes and universities pursue research 
cooperation is the access to more resources and complementary knowledge. For 
industrial firm, on the other, the main motivation for research cooperation with other 
7institutions is gaining new knowledge in order to increase commercial potential of its 
activities [25].
Stanley [28] defined several requirements for improving the efficacy of the Canada’s 
innovation systems. For example, in order to set up a system to promote the innovation, 
Canada needs to reorganize its science and technology funding in a federal level. Also, it 
is necessary that a federal innovation organization is founded to integrate the 
innovation production process along the country [28].
According to Stanley [28], there is a lag in adoption of new technology which affects the 
economy of Canada. Although, there are some exceptions, Canada lacks management 
capacity to lead companies on a global level. Comparing to developed countries, 
Stanley says that technology diffusion, both from abroad to Canada and within the 
Canadian innovation system, occurs slowly. To solve this problem, two solutions are 
proposed in Stanley’s article: to fortify the infrastructures in domestic market; and to 
maintain the open doors to foreign technologies and entrepreneurs [28].
2.1.2.1 Quebec	Policy	on	Science	and	Innovation
A series of activities have been implemented by the Quebec Policy on Science and 
Innovation (QPSI) in order to improve the competitive advantages for Quebec’s 
economy. The followings are some examples of these activities [29]:
 Allocating of grants to start-up firms which have emerged from universities in order 
to obtain commercial benefits from academic research
 Performing action plans to manage the intellectual properties in the universities
 Improving the technological cooperation by supporting centers that focus on 
technology and knowledge transfer
 Supporting the regional innovation system to achieve a global competitive 
advantage
Even though Quebec's innovation system is dependent on the national research system, 
QPSI has its own activities, financial resources and infrastructures [29]. For instance:
8 Reconstituting academic and research funding
 Funding infrastructures in research and development 
 Developing high-tech industries like telecommunication and aerospace through 
investments in infrastructures and R&D
 Developing international networks to increase the international impact of Quebec 
research
 Increasing the responsibility of scientists in developing the society’s values
 Raising citizens' awareness to facilitate further innovations
 Training the qualified human resources 
2.1.2.2 Nanotechnology	Policies	in	Canada
It is estimated that the worth of nano products will be $1 trillion in 2015 and its great 
impact on economy and its rapid growth is a concern for many countries; Canada in not 
an exception. Nanotechnology is called a “platform” technology like internet and 
electricity. In other words, Nanotechnology is predicted to direct the future 
technological change in the society [30].
In Canada, public policy frameworks manage the risks, benefits and its ethical, 
environmental, economic, legal and social impact. These policies consider the resources 
and priorities and develop a database of all desired information and regulation to 
ensure that all significant aspects of nanotechnology are recognized [30] [31].
Nanotechnology, biotechnology, and information and communication technology (ICT) 
are three technologies that government of Canada considered in their comprehensive 
Science and Technology Strategy in 2007. Also, Canada participates in the International 
Organization for Standardization (ISO) to develop nanotechnology standards.
Furthermore, a large portion of activities on nanotechnology regulation to be addressed 
in cooperation with OECD countries are assigned to Canada. [32]
9According to Kuroiwa [33], about half of the institutes of the National Research Council 
(NRC) conduct R&D in nanotechnology. Also, the number of nano-related companies in 
Canada is estimated from 50 to 200 depending on the definition used for the term 
“nanotechnology” [33].
In order to facilitate the commercialization of nanotechnology and to allocate funding to 
R&D in this field, the National Institute for Nanotechnology (NINT) was founded in 2001 
through a partnership between the University of Alberta, the government of Alberta 
and the NRC. 
There are several challenges for Canadian policies dealing with nanotechnology, such as 
lack of a nanotechnology economic development strategy and a lack of necessary 
funding compared to the US, Japan and Europe. According to government in 2002 [15], 
the US invests nearly six times more per capita in nanotechnology than Canada. 
Nanotechnology research in Canada struggles to find necessary funding and there is a 
great time lag between finding the suitable funding programs, applying for the funding, 
receiving the results of decision process, release of funding and, finally ordering and 
receiving the desired equipment [15]. Moreover, another challenge for Canadian 
nanotechnology is the lack of large companies involved in nanotechnology [15], which is 
usual in other countries with successful nanotechnology innovation, e.g. the United 
States.
In the next section we will look at the national system of innovation in the US in order to 
highlight the differences between the two systems.
2.1.3 The	National	Innovation	System	in	the	US
In the US, similarly as Canada, different institutions are involved in nanotechnology 
research including companies, government agencies, government research laboratories, 
universities, and non-profit organizations [34].
10
Between 1991 and 2000, the US accounted for 43 percent of the total R&D among the 
OECD countries2 [35]. The R&D expenditures are divided into three categories:
 Development, i.e. “the production of useful materials, devices, systems, or methods, 
including the design and development of prototypes and processes”. Development 
accounts for 60-65% of total R&D over the last two decades3 [35].
 Applied research, i.e. a specific need or commercial objective in products, services or 
processes. It is claimed that applied research accounts for 22% of R&D [35].
 Basic research, i.e. Fundamental knowledge without considering a specific 
application. This category has the smallest share in R&D (18%) [35].
The US has the largest innovation system among all the OECD countries. The roles of 
innovation performers - government, industry and universities - have changed over the
past 70 years. The significant role new firms play in the commercialization of new 
technologies such as biotechnology, computer software and hardware, microelectronics 
and robotics over the past four decades is one of the important characteristics of the US 
innovation system. Moreover, small firms are very active in the commercialization of 
new technologies, which is also an important feature of the US innovation system [36].
In addition to institutions performing R&D, the US national innovation system involves a 
wide range of the policies, such as antitrust policy, intellectual property rights, and 
regulatory policy [37]. Simons and Walls [34] have mentioned a series of public policies 
that affect technology development in the US, such as the training of scientists and 
engineers, and technology adoption, which have a significant impact on the success of 
the national innovation system. Another policy, known as “Bayh-Dole Act” of 1980, is 
considered to be one of the most important policies, which changed the face of the 
                                                     
2
Australia, Austria, Belgium, Canada, Chile, Czech Republic, Denmark, Estonia, Finland, France, Germany, 
Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Korea, Luxembourg, Mexico, Netherlands, New 
Zealand, Norway, Poland, Portugal, Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, United 
Kingdom, and United States.
3
Australia, Austria, Belgium, Canada, Chile, Czech Republic, Denmark, Estonia, Finland, France, Germany, 
Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Korea, Luxembourg, Mexico, Netherlands, New 
Zealand, Norway, Poland, Portugal, Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, United 
Kingdom, and United States.
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academic innovation in the US. Bayh-Dole Act  allows the universities, non-profit 
organizations and small businesses to patent and later to commercialize the results of 
their research, even if the research has been funded federally [34]. In case of 
universities, this policy increased the share of patenting from less than 0.3% in 1963 to 
nearly 4% by 1999 [37].
2.1.4 Nanotechnology	Publications and	Patents
Publications are known as outcome of a scientific research indicating the new findings. 
Since scientific research is the basis of nanotechnology, publications can indicate its 
progress. Number of publications is considered to be a good indicator for the growth 
rate of nanotechnology [38]. According to Miyazaki and Islam [4], universities have the 
largest portion of publications in nanotechnology among all the institutes (70.45% of 
nanotech related articles.) Public research institutes with 22.22% of all publications 
follow the universities, while private sector with only 7.3% has the smallest publication 
share. Also Chen and Roco [39] observed that the most productive institutes were 
universities and national research centers rather than private companies (all top 20 
institutes from 1976 to 2004.) These numbers are not surprising, because 
nanotechnology is in its emerging phase and most of the publications are in basic 
research, and due to the high-risk aspect of new technology the private sector is 
reluctant to be involved in the basic research [4].
Number of publications only shows the quantity of the knowledge production, while an 
indicator for the quality of this knowledge is needed as well [40]. Number of citations of 
the published article is a universally accepted indicator showing the quality of 
publications. Using both the number of publications and the citation count, Youtie et al. 
[41] compared the nano-related publication of different countries since 1990 through 
2006, and identified the leading countries. Based on their result, the US and European 
Union 27 (EU27) have largest number of nanotechnology publications, while some Asian 
countries like China and Asian Tigers (South Korea, Singapore and Taiwan) greatly 
increased the publications recently with a higher rate than others [41]. Also, Hullman 
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[38] categorized the nano-related articles based on the countries in two time intervals 
(1992-1995 and 1998-2001). Her results suggests that the US and Canada share in 
publication is decreased in the second interval, while Asian countries are get more 
dynamic. Hullman compared different countries based on the publication citations.
Using “cite per paper”, the relative impact is calculated. Results indicate that 
Switzerland and Netherlands are leading, and the US and Canada are following them 
[38]. 
As reported by Roco [42], since 2000 though 2008, there is a 23% annual growth in 
nanotechnology publications. Also, Chen and Roco [39] observed that 213,847 articles 
are published in 4,175 journals between 1976 and 2004 analyzing the Thomson Science 
Citation Index (SCI). Among them the US with 61,068 articles has the largest amount of 
nano-related publications, followed by Japan (24,985), Germany (21,334), and China 
(20,389) [39].
Also, an increase in the number of nanotechnology patents is reported [38]. Similar to
publications, the US has the first rate in the number of patents in nanotechnology, 
followed by China, Japan, South Korea, and Canada [43]. 
2.2 Networks
2.2.1 Complex	Networks
In general, a network is a set of items, called vertices4 that are connected to each other 
with some edges5 [44]. Different examples of networks can be found in the nature; 
people as units of a network of different kinds of social relationships; web pages as 
vertices of World Wide Web that are connected through the hyperlinks; the network of 
business relations between companies; the power network of a country; neural 
networks; citation network between scientific papers, etc. [45] [46]. 
                                                     
4 Also called “node” in computer science, “site” in physics, or “actor” in sociology [44]
5
Also called “link” in computer science, “bond” in physics, or “tie” in sociology [44]
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Historically, the study of networks is based on Graph Theory; a branch of discrete 
mathematics6 [44]. In mathematics, a network consists of a graph of  	vertices 
connected by a set of   edges and additional information on the vertices or the edges 
of the graph [47]. For each vertex  ,    is defined as the degree, which is the number of 
edges connected to that vertex. This graph is represented by an adjacency matrix A in 
which entry     = 1 if there is an edge between vertex   and vertex	  [48]. 
Complex networks are defined as networks with irregular structure and thousands or 
millions of vertices which are evolving dynamically and in a complex way. In complex 
networks, which became the focus of attention in the last decade, the main analyses are 
on the properties of dynamic units of the network [45]. 
Recently, applications of complex networks are found in many areas such as sociology 
(e.g. [49] [50]), economics (e.g. [51] [52]), biology (e.g. [53] [54]) and scientometrics
(e.g. [55] [56]) The major reason for the popularity of complex networks can be the 
availability of large datasets [57]. Thanks to high performance computers and 
communication networks, gathering and analyzing data on a much larger scale than 
previous is nowadays possible [44]. 
According to Newman [44] small networks and complex networks differ in two aspects. 
First, in small networks, the role of each vertex or edge is studied. For example, it is 
questioned whether the removal of a specific vertex can change the network’s 
connectivity or not. While in complex network with millions of vertices, a single vertex 
(or edge) is not a concern. In other words, instead of studying the effect of removal of 
one vertex, for example, the removal of a percentage of the vertices is examined. As a 
consequence, instead of exact questions, statistical questions are addressed in the 
problems of complex networks. The second difference is that small networks with tens 
or hundreds vertices can be drawn with actual vertices and edges, but for complex 
                                                     
6
The Königsberg bridge problem is known as the birth of the Graph Theory. This problem, which is solved 
by Swiss mathematician Leonhard Euler in 1736, consists in finding a round trip that traversed each of the 
seven bridges of the city of Königsberg in Prussia exactly once. For more details about the graph theory 
see [61]
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networks statistical approaches are needed to answer questions like “How can I tell 
what this network looks like, when I cannot actually look at it?” [44].
Complex networks analysis has three steps. (1) Developing models to understand the 
topology of the networks. (2) Finding statistical properties to characterize the structure 
and behavior of networks. (3) Predict the behavior of networked system based on the 
model structural characteristics of that network [44].   
In the following section, we will discuss the network models and their statistical
properties that we used to predict the behavior of our networked system in this 
research.
2.2.1.1 Complex	Networks	Models
Several models are proposed for studying the topological properties of the complex 
networks. Some of them like random graph, small-world model, and scale-free networks 
are general models that became subject of great interest [57]. Apart from the general 
models, there are also models applied to specific networks, but these will not be 
covered here. 
The random graph model, proposed by Erdős and Rényi in 1959 is one of the most basic 
models of complex networks. According to this model, we start with large number of 
isolated vertices (n), and randomly add edges between them until we have an average 
of one edge per vertex. Another representation of this model, known as Erdős and Rényi 
model (ER model), gives a probability of   to presence of each edge. It is proven that the 
histogram of this model follows a Binomial distribution and for sufficiently large   and 
small  , it follows Poisson distribution [57]. 
The small-world model was developed by Watts and Strogatz based on “small-world” 
property and high clustering coefficient. The “small world” property originated from the 
Milgram’s experiment in 1967 who found that two random US citizens were connected 
to each other on average by 6 acquaintances [58]. In this experiment, a number of 
letters to a random selection of people in Nebraska were distributed. Each letter has 
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instructions to send them to the addressee in Boston by passing them from person to 
person. Although, it was expected that each letter will need to go through around 100 
persons in order to reach the addressee, Milgram found that it had only taken an 
average of 5.5 persons to get from Nebraska to Boston. This number rounded up to 6 
and became known as “six degrees of separation” [46] [58]. 
Clustering coefficient   is defined as the probability that two vertices will be connected, 
given that each is also connected to a mutual friend. Clustering coefficient is obtained 
by dividing the number of actual edges between one’s friends (  ) by maximum number 




where    is the number of friends of vertex   [59]. 
Combining these two ideas, Watts and Storgatz [59] developed the small-world model. 
To construct a small-world network, we start from a circle of vertices where each vertex 
is connected to the nearest neighbors, which results a high value for clustering 
coefficient. Then a few long-range edges connecting randomly selected vertices,
drastically shortens the average separation between all vertices [46].
The random model of Erdős and Rényi rest on two simple assumptions; first, all the 
vertices available from the beginning (vertices are not created or destroyed); second, all 
the vertices have equivalent chance to get edges. Barabási and Albert developed Scale-
free Networks by changing these two assumptions to two new assumptions; growth 
and preferential attachment. In their model, at each step network grows with the 
addition of new vertices during its construction. Also, the most connected vertices have 
greater chance to get edges to these new vertices. This property called preferential 
attachment, also known as “rich get richer” paradigm [57].
16
In Figure 1 from [57] the difference between these three models is illustrated. The 
degree distribution in two first models are almost the same (with a peak), while the 
third model suggest that the degree distribution follows power law. 
Figure 1 - Complex networks models (a) an example of Random Network by Erdős and Rényi, (b) an example of 
Small World Model By Watts and Strogatz, and (c) an example of scale free network by Barabási and Albert. Figures 
are taken from [57].
2.2.1.2 Network	Structural	Properties
The most important structural properties of networks can be categorized into five
groups; vertex centrality, the small-world effect, transitivity or clustering, degree 
distributions, and fragmentation.
Vertex Centrality
Centrality measures are among the most popular measurements that show the 
importance of a vertex or edge in the network from different aspects [60]. These 
measures are typically categorized based on the type of property that they are related 
to, such as shortest path, degree and distance. In the following section, the measures 
that will be used in this study will be briefly explained.
 Betweenness Centrality
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Betweenness centrality is a measure based on the shortest path. In graph  , for a pair of 
vertices like   and  , shortest path from   to   is defined as an order of adjacent vertices 
with minimum number of edges that connects   to   [61]. 
Betweenness centrality is an indicator that is defined for each vertex like   as sum of the 
fraction of all-pairs shortest paths that pass through  , over all-pair shortest paths [62]. 
In other words, in order to calculate the betweenness centrality for a vertex like  , we 
need to consider all the pairs like   and   in the network, and sum up the fraction of the 
number of shortest paths from   to   that pass through   over the total number of 
shortest paths from   to  . Mathematically, it is defined as 
C (v) = 	   
σ  (v)
σ     ∈    ∈ 
where σ  (v) denotes the number of shortest paths from   to	  that pass through  , 
and σ   is the total number of shortest paths from   to   . This measure was introduced 
by Freeman in 1977 [63] and Anthonisse in 1971 [64].
Although faster algorithms based on breath-first search (BFS) are introduced [62]7, the 
calculation of betweenness centrality in large networks is still very time consuming. 
 Degree Centrality
As mentioned in 2.2.1, the degree is the number of edges connected to one vertex. 
Degree centrality of a vertex is simply defined as the degree of the vertex. The average 
degree centrality is used to compare the networks or sub-networks in terms of 
connectivity [49].
 Closeness Centrality
Closeness centrality is based on the idea that more central a vertex is, more quickly it 
can interact with other vertices. In other words, a vertex is more central if it is on 
average closer to other vertices. This indicator is defined for each vertex based on its 
                                                     
7
It takes O(VE) time. 
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distance to other vertices. In graph  , the distance between vertices   and   is defined 
as the minimum number of edges that needs to be traversed from	  to reach  . In more 
formal words, the distance between   and   is defined as the length of the shortest 
path between these two vertices, and if there is no path between these two vertices the 
distance is assumed to be infinity or undefined [61]. As a consequence, closeness 
centrality can be measured only in connected networks, i.e., in the network where all
the vertices are directly or indirectly connected.
Closeness centrality for vertex   is defined as inverse of summation of distances from  





where  ( ,  ) is the distance of   and  . In other words, a vertex is closer if it is more 
accessible from all other vertices [60]. An example application is shopping mall locating 
problem in which we want to locate a shopping mall that is close to all clients in total
[65]. This measure was introduced by Sabidussi in 1966 [66].
The Small-world Effect
We mentioned the Milgram’s experiment in 2.2.1.1 which proved the “six degree of 
separation” in social network of the US citizens. Formally, the small world effect in an 









where     is the distance between   and   and   is the number of vertices in the 
network8.
Many experiments calculate   for different complex networks. The degree of separation 
for network of film actors with about 450K actors and 25M edges (defined by the 
collaborations in films) was calculated as 3.48. For the network of protein interactions 
the   is 2.12. The small-world effect in the World Wide Web was calculated between 11 
and 17, depending on which fractions of the websites are included in the dataset [44].
Transitivity or Clustering
The concept of transitivity or clustering introduced already in 2.2.1.1 concerns the 
presence of an elevated number of triangles in the network. Triangles in a graph are 
represented by three vertices that are all connected. In other words, we call a network 
more transitive or clustered, if it is more probable that a friend of a vertex’s friend is its 
own friend as well [44]. 
Clustering coefficient as an indicator of transitivity has different definitions, but the one 
that proposed by Watts and Storgatz [59] is widely used. In this definition, a local value 
   shows the clustering coefficient for vertex   which is the ratio of “number of triangles 
connected to vertex  ” to “number of triples centered on vertex  ”. The clustering 
coefficient of the network is the average of    s.
Generally in real-world networks, the values of clustering coefficient tend to be 
considerably high comparing to random networks [44]. 
Degree Distributions
Another important property that is defined in complex networks is degree distribution. 
If we define the fraction of vertices in a network with degree of   as   , the histogram 
                                                     
8 In this definition the distance from each vertex to itself is included. Some definitions do not include this 
[61]. However, it does not affect the result.
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of    shows the degree distribution of the network. The cumulative degree distribution 
is defined as follows:
   =      
    
which shows the probability that the degree is greater than or equal to k [44].
Many real-world complex networks follow power laws:   ~ 
  	where   is a constant 
exponent. Consequently, the cumulative degree distribution follows the power law with 
Figure 2 - Cumulative degree distributions (  ). Horizontal axis is vertex degree and vertical axis is cumulative 
probability. (a) The co-authorship network of mathematics, (b) citation network of articles, (c) WWW, (d) Internet 
at autonomous systems level, (e) the western US power grid, (f) the proteins of metabolism [44]




Fragmentation shows how vertices in the network are connected to each other. There 
are several indicators that show the level of fragmentation in the network, such as size 
of the largest component, average size of components, and number of isolated vertices. 
Component in a network defined as a maximal subset of vertices that are connected 
directly or indirectly by edges [61]. Also, isolated vertices or components of size 1 refer 
to the vertices with no edges. A network with fewer vertices in the largest component, 
smaller value of average size of components, and more isolated vertices is more 
fragmented [67].
After introducing the complex networks, in the next section, we are going to focus on a 
common type of complex networks, called collaboration network that is used in this 
thesis.
2.2.2 Collaboration	Networks	
One of the applications where the concept of the complex networks is used is 
collaboration networks, which are also is the focus of this research. In these networks 
the actors (vertices) are individuals and two actors are connected to each other if they 
collaborate in a product [68]. The main aim of this thesis is to study the structure of the 
innovation networks, in which we will consider two types of linkages; first, collaborative 
links defined by the co-authorships of scientific articles among scientists working on 
joint research projects, and second, links defined by co-inventorship of patents among 
inventors who made the patentable discovery. 
2.2.2.1 Co-authorship	Network	of	Scientists
The idea of the co-authorship networks comes from the Erdős number introduced by 
Goffman in 1969 [69]. For each scientist he calculated the Erdős number, which is the 
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length of the shortest path from that scientist to Paul Erdős9.  This means that Erdős
himself has number 0, and his co-authors have number 1 and so on [70]. 
Increasing the interest to the complex networks, the Erdős number has been elevated to 
more serious scientific subjects [71]. It attracted the attention of two types of scholars: 
those who study social networks and those who study the reasons and consequences of 
collaboration [72]. 
First group is interested in this topic because the co-authorship network of scientists is 
one the largest social networks and it represents a prototype of dynamic complex 
networks [56]. Newman [73], for instance, has constructed co-authorship network of 
scientists in many disciplines in a 5 years period of time (1995-1999). He measured basic 
measures for this network such as numbers of papers written by authors, numbers of 
authors per paper, numbers of collaborators that scientists have existence and size of a 
giant component of connected scientists, and degree of clustering in the networks. Later 
he extended his work to some advanced measures like distances between scientists 
through the network, and measures of centrality such as closeness and betweenness
[74]. Also, Barabási et al. [56] studied the time evaluation of this type of complex 
networks using a dataset on publication on mathematics and neuroscience in a period 
of 8 years (1991-1998). According to them, the degree distribution of their collaboration 
networks follows the power law. They also observed the relation of some key quantities 
with time. For example, clustering coefficient decays with time, average degree 
increases (approximately linearly) [56].
On the other hand, scientists who study the collaboration focused on the phenomenon 
of co-authorship because publications are important indicator of collaboration in 
academia [72]10. For example, Moody [75] studies a network of scientists from 1963 to 
                                                     
9
“Paul Erdős (1913-1996) was a Hungarian mathematician who published more papers than any other 
mathematician in history working with hundreds of collaborators.” (From Wikipedia: 
http://en.wikipedia.org/wiki/Paul_Erd%C5%91s) 
10
Co- authorship is an approximate partial indicator of collaboration and using this indicator needs some 
cautions. Because, many cases of collaborations are not necessarily results in a co-authored publication 
[115]. 
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1999 to show that participation in the sociology collaboration network depends on 
research specialty. Also, Glänzel and Schubert [76] observed some collaboration 
benefits using the analysis of the collaboration network. According to them, co-
authorship (and cooperation in general) appears to be ‘cost effective’ on the long run. 
Also they suggested that collaboration should be encouraged and supported because it
is able to promote research activity, productivity, and increases the impact of the 
resulting work [76]. 
Also, Acedo and Barroso [72] studied the co-authorship network in management and 
organizational studies. They compared this discipline to other disciplines and showed 
that articles with two authors seem to have a greater impact. Moreover, there are some 
other studies of co-authorship networks that focus on different levels of the network 
such as individuals, cross nation level, and multi-national collaborations [76]. Another 
example is measurement of the impact of university-funded research and collaboration 
on scientific production of Canadian biotechnology academics by Beaudry and Clerk-
lamalice [77].
2.2.2.2 Co-inventorship	Network	of	Inventors
The network of patent co-inventorship has also similar structure – two inventors are 
connected if they collaborate in a patent as joint inventors. The idea of how to construct 
this network was presented by Breschi and Lissoni [78] [79] and later by Balconi et al. 
[80], and consists in linking Italian inventors using data on co-inventorship of patents 
registered at European Patent Office (EPO). They construct a bipartite graph of patents
from 1978 to 1995 and their inventors, and based on that they generated the co-
inventorship network of Italian inventors. Various measures of social proximity between 
cited and citing patents and many centrality measures of this innovation network were 
measured in these studies. 
Other developments of co-inventorship networks, or in general innovation networks, 
are also proposed. For example, Cantner and Graf [81] established the network of 
innovators characterized by innovators’ technological fields, which means two 
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innovators are linked whenever they patented in the same technological class. 
Moreover, Singh [82] inferred collaborative links among inventors using social proximity 
graph, which he also constructed from patent collaboration data. 
Similarly as was discussed in the section on the article co-authorship networks, also here 
many researchers adopt the patent co-authorship as an appropriate social relationship 
between the patenting inventors to study the collaboration effects [16] [78] [79] [83]
[84]. For example Beaudry and Schiffauerova [84] studied the impact of collaboration 
and co-inventorship network characteristics of Canadian nanotechnology inventors on 
the quality of their inventions. Also, Guan and Shi [85] focused on the network effect on 
the system and individual level of the innovative creativity. 
Although this method is used widely, some researchers indicate its disadvantages. For 
instance, Fleming et al. [86] warned that links in co-inventorship networks differ 
significantly in their strength and information transfer capacity. Also, a considerable 
portion of the old relations remain viable even if the tie does not exist anymore. 
There has been a lot of research performed on the subjects of national innovation 
systems and collaboration networks, though these topics have not been studied 
together. The main purpose of this thesis is thus to shed some light on the knowledge 
flows within innovation systems of two countries (Canada and the US) and relate the 
collaboration network structure to the characteristics of the national innovation system 





There is an increasing academic interest in the phenomenon of collaboration among 
scientists. Like other collaboration networks, social network analysis approach is applied 
on this network to identify its characteristics. Newman [73] observed the small-world 
effect on collaboration networks and explained the properties of this type of networks 
using the small-world model of Watts and Strogatz [59]. Also, Barabási et al. [56] studied 
the evolution of these networks over the time, and claimed that the collaboration 
networks follow the scale-free model, known as Barabási-Albert Model [46].
 Hypothesis 1a: Collaboration network of scientists who have joint article or patent in 
the field of nanotechnology can be described using the small-world model.
 Hypothesis 1b: The evolution of collaboration network of scientists follows the 
properties of scale-free networks, and can be modeled by Barabási-Albert Model.
3.1.2 Regional	Characteristics	of	the	Network	Structures
Canada became involved in nano science and technology later than the US and it still 
has not reached the similar level of development as the US. According to the Canadian 
Workshop on Multidisciplinary Research on Nanotechnology [15], Canada lacks a 
nanotechnology economic development strategy and lags in nanotechnology funding 
compared to the US. Nanotechnology research in Canada struggles to find necessary 
funding and there is a time lag to seek funding programs [25]. The US innovation 
system, on the other hand, is larger than that of Canada and of other OECD countries, it 
supplies significant financial resources for both basic and applied research, encourages 
university-industry collaborations and provides critical public policies on federal and 
state level.
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For the comparison between the Canadian and the US nanotechnology networks we 
anticipate to find that the Canadian network is much smaller and much less developed 
(even if adjusted for size). American network is thus expected to exhibit more favorable
properties for the knowledge transmission among the researchers. 
 Hypothesis 2: American nanotechnology network is bigger, more dense and compact
and involves more collaboration than Canadian nanotechnology network. 
Canada has a small population dispersed over a large geographical area and its private 
sector is dominated by small-sized and medium-sized companies. As a consequence, 
research and development has to concentrate in geographical agglomerations and 
clusters in order to contribute to an efficient innovation system. In nanotechnology, 
most of the research in Canada is concentrated in the clusters of Toronto, Ottawa, 
Montreal and Vancouver [67]. The study on the geographical aspects of the 
collaboration pattern based on Canadian nanotechnology patenting [87] shows that 
most of the collaborations take place within the clusters or within the short 
geographical distance around them, or with the international partners, mainly from the 
US. Inter-cluster research partnerships seem to be much less interesting for Canadian 
inventors.
Therefore we expect to confirm through our network collaboration analysis that foreign 
participation and international linkages (mainly directed towards American researchers) 
are very important parts of the Canadian innovation system. 
 Hypothesis 3: The collaborations of Canadian researchers with their international 
(mainly American) counterparts form a significant part of the overall Canadian 
collaboration pattern. 
Even though Quebec is a part of the Canadian innovation system, we assume that it is in 
a slightly different position, mainly because of the language aspect. We expect that the 
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Quebec network will exhibit similar network properties as the Canadian one, but 
assume that due to the language issue the network will be more closed. Compared to 
the researchers from other provinces, the Quebec researchers are expected to 
collaborate more with each other, and to create more stable research relationships with 
many repetitive collaborations between the came collaborative pairs. The collaborations 
with Anglophone world are expected to be relatively less numerous. 
 Hypothesis 4: The collaboration of the Quebec-based researchers involves more 
internal research relationships within Quebec, which tend to be more repetitive, and 
less collaboration with the Anglophone researchers, compared to the collaboration 
pattern in the rest of Canada
3.1.3 Collaboration	between	Academia	and	Industry
Even though it is often argued that universities frequently exchange information with 
the private companies and other organizations, the knowledge transfers from 
university-based open science to commercial science are quite inefficient. Dasgupta and 
David [88] described the differences between the social organization of the world of 
science (characterized by publication and supported by a priority-based reward system) 
and the world of technology (in which ideas are produced for economic objectives and 
encoded in patents). A consequence is a constant friction between these two distinct 
groups. Murray [89] has argued that only few key scientists publish across industry-
academic boundaries and firms in fact rarely participate in science. Zucker et al. [90]
confirm that especially among scientists it is commonly thought that the very best 
scientists are unlikely to be involved with the firms or to patent their discoveries. 
Nevertheless, in the field of nanotechnology, in which the technology significantly relies 
on the science, we assume that there must be a much more collaboration between 
universities and companies. We propose that with our methodology we will be able to 
better track the missing interactions between the academic and industrial innovators 
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and provide evidence of the significant collaborations across industry-academic 
boundaries.
 Hypothesis 5: Academic nanotechnology researchers frequently carry out joint 
research activities in conjunction with both academic and non-academic 
organizations. 
Innovation networks of academic and non-academic researchers exhibit distinct 
collaboration patterns. Hence, we expect that the structural properties of the network 
nodes will depend on the affiliations of the subjects (academic or industrial scientists). 
Balconi et al. [80] observed that networks of inventors within industrial research are 
usually highly fragmented, while the academic networks constructed by Newman [73]
were highly clustered. Newman [74] also argued that for most scientific authors the 
majority of the paths between them and other scientists in the network go through just 
one or two of their collaborators. This is in agreement with Balconi et al. [80] who found 
that academic inventors that enter the industrial research network are, on average, 
more central than non-academic inventors - they exchange information with more 
people, across more organizations, and therefore play a key role in connecting 
individuals and network components. Academics also have a tendency to work within 
larger teams and for a larger number of applicants than non-academic inventors [80]. 
Therefore we expect to find similar results: the networks of academic researchers will 
be highly clustered and very centralized, whereas the networks of industrial researchers 
will be more fragmented and less centralized. Moreover, we suppose that academicians 
will be found to work in larger teams, while industrial networks will be composed of 
smaller teams.
 Hypothesis 6: Academic nanotechnology subnetworks are more clustered, more 
centralized and the nodes have higher number of direct ties than non-academic 
nanotechnology subnetworks, 
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It was already suggested [80] that the networks of industrial inventors are much more 
fragmented than networks of academic inventors. The fragmented non-academic 
networks are however bridged together by academic researchers who connect the 
industrial network components, and thus serve as connecting agents between the 
different organizations within the world of technology.
We expect that our analysis will confirm the hypotheses on the significant position of 
academic scientists in collaboration with industry. According to Breschi and Catalini [91], 
the authors of scientific articles who are at the same time also patent inventors have 
prominent positions in networks, compared to the positions of only scientific authors or 
only patent inventors. This shows that the science and industry collaboration have 
positive impacts on the scientific and collaboration networks. Hence, we expect that the 
collaboration of academic scientists with industry enables them to occupy more 
important positions within their networks.  
 Hypothesis 7a: Academic nanotechnology scientists, who co-author articles with 
industrial scientists, occupy more cliquish positions in the co-authorship network 
compared with academic scientists who do not collaborate with industrial scientists.
 Hypothesis 7b: Academic nanotechnology scientists, who co-author articles with 
industrial scientists, occupy more central positions in the co-authorship network 
compared with academic scientists who do not collaborate with industrial scientists.
3.1.4 Regional	Differences	in	the	Collaboration	between	Academia	and	
Industry
Since we aim to explore the university and industry scientists’ collaboration in 
nanotechnology within different areas including Quebec, Canada and the US, the 
previous hypotheses related to the academic and non-academic subnetworks and 
collaborations (Hypotheses 4, 5 and 6) will be tested for Quebec, Canada and the US, 
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and then comparisons of Quebec-Canada and Canada-US will be performed. Moreover, 
the following hypotheses will test the different conditions within the US national 
innovation system and the Canadian one. We propose that there are fundamental 
differences related to the collaboration between academia and industry, which should 
be reflected in the network structures:
Universities in the US are encouraged to collaborate more with industries. This 
collaboration facilitates the knowledge flow between these two sectors and streams 
industry funding toward university research [25]. Companies, on the other hand, can 
exploit universities’ knowledge as they are important sources for basic research and 
technologies [34]. The collaboration with universities helps companies to reduce their 
R&D costs and to explore new areas of scientific research. According to Hill [35], the 
American private industry has changed the way it conducts R&D since some firms have 
decided to externalize part of their R&D to universities and research institutes. 
This system is still not as developed in Canada. Universities appear to be effective in 
basic research as they produce a reasonable number of research papers compared to 
other OECD countries [32]. However, Canadian universities contribute less to domestic 
industrial research and the funding of business sectors in university R&D is also smaller 
than in the US. The majority of university funding is provided through government 
grants and contracts, while the industry accounts for only a very small part. The majority 
of industry research is funded by corporations themselves [25].
Therefore we expect that the collaboration pattern between the academic and non-
academic researchers will be quite distinct in both countries, showing more developed 
academia-industry relationship in the US. We propose that this will be also reflected in 
the network positions of the academic researchers in both countries.
 Hypothesis 8a: American academic nanotechnology scientists collaborate more with 
non-academic scientists, compared to their Canadian counterparts. 
